MF, dac is much less effective than ey in this regard
We examined the relationship between dac and eya by misexpressing these genes employing the GAL4-UAS (Mardon et al., 1994; Halder et al., 1995) . While ey can induce large ectopic eyes with complete penetrance on system and using ectopic eye induction as an assay. all major appendages, dac induces retinal development in only a minority of animals and primarily on antennal dac and eya Act Synergistically to Induce disc-derived structures (Halder et al., 1995; Shen and Ectopic Eye Formation . Thus, ey must be able to regulate other Like ey and dac, targeted expression of eya alone is genes that control retinal cell fate specification in addisufficient to induce ectopic eye formation (Figures 1A tion to dac. and 1C) . However, in contrast to ey, the penetrance of The eya gene is a good candidate as another target the ectopic eye phenotype induced by either dac or eya of ey function. Like dac, eya is expressed in the eye alone is incomplete and, when induced, such eyes are disc prior to MF initiation and is essential for eye develsmall (Figures 1B and 1C) . When dac expression is opment, but it is not required for ey expression (Bonini strongly induced in all imaginal discs, ectopic eye develet al., 1993; Halder et al., 1995) . However, dac is necesopment is observed only on the anterior surface of the sary for only a subset of functions for which eya is essenfly head ventral to the antenna and in just 56% (61/109) tial during normal eye development. Specifically, dac is of animals examined ( Figure 1B ). Although no ectopic required for initiation of furrow movement but not for retinal structures are induced, the morphology of the progression or photoreceptor differentiation (Mardon et legs and wings is severely disrupted (Figures 1F and al., 1994) . In contrast, eya is required for both MF initia-1J). Similarly, misexpression of eya causes ectopic eye tion and progression [this issue of development ventral to the antenna in only 34% (41/119) Cell]). In addition, while eya null mutant clones result in of animals inspected ( Figure 1C ). Although the gross cell overproliferation and completely block photorecepmorphology of the leg and wing is not significantly distor differentiation throughout the eye disc, dac mutant rupted by ectopic eya expression, a tiny spot of red clones present this phenotype only when they include pigment is usually observed (Ͼ90% of cases examined) the posterior margin of the eye disc (Mardon et al., 1994;  at the joint between the coxa and the femur of the leg . dpp is also required for MF initiation and on the wing blade in 26% (30/115) of animals oband progression, and dac and eya are both likely to served (data not shown). Thus, dac or eya alone are act downstream of dpp during normal eye development relatively weak inducers of ectopic retinal development (Chanut and Heberlein, 1997; Pignoni and Zipursky, in Drosophila. 1997) . Interestingly, while eya is necessary to maintain
In contrast, coexpression of dac and eya induces subdpp expression in the eye disc, dac is not (Mardon et stantial ectopic eyes on the head, legs, wings, and doral., 1994; . Thus, eya is required sal thorax of 100% of animals examined (n Ͼ 100). On for dpp expression and the control of cell proliferation the head, the cuticle between the normal eye field and throughout the eye disc, initiation and progression of antennae is transformed into retinal cells such that the MF movement, and neural differentiation, while dac is normal retinal field is expanded ( Figure 1D ). Large required for only a distinct subset of these steps.
patches of pigment are induced on the dorsal surface We have explored the functional and regulatory relaof the femur and tibia of all legs, which are severely tionships among ey, dac, and eya. We demonstrate that, truncated ( Figure 1G ). Ommatidial structures are oblike dac, eya is a target of ey activity and is required for served in each case ( Figure 1H ). Red pigment, but no ey function. Moreover, dac and eya show strong genetic clear ommatidial morphology, is also induced on the synergy in their ability to induce ectopic retinal developwing blade ( Figure 1K ). Ectopic eyes are also formed ment. We provide evidence that a complex forms bebilaterally on the dorsal thorax (notum) of the fly (Figures tween the Dac and Eya proteins that is mediated by 1M and 1N), a place where no ectopic pigment or ommahighly conserved domains, suggesting a molecular batidia are ever induced by either dac or eya alone (data sis for the genetic synergy observed. We also show that not shown). In all cases, these phenotypes are observed while eya is genetically required upstream of dac during with 100% penetrance. normal eye development, these genes are able to posiThe phenotypes observed in imaginal discs are contively regulate each other at the level of transcription, sistent with those observed in adults. Specifically, tarindicating that a positive-feedback loop is likely to exist geted dac or eya expression induces expression of the between these genes. These results suggest that a netGlass protein, a visual system-specific marker (Moses work of conserved genes, rather than a linear hierarchy, et al., 1989; Moses and Rubin, 1991) . Normally, glass is regulates retinal development in Drosophila. Finally, we not expressed in the antennal, leg, or wing imaginal propose a mechanism whereby complex formation bediscs ( Figure 2A ; data not shown). dac or eya alone tween Dac and Eya may provide specificity to the funcinduces ectopic Glass protein only in a small area of tion of Eya during MF initiation and that such interactions the ventral side of the antennal disc with about 50% are likely to be conserved in vertebrates.
penetrance (arrows in Figures 2B and 2C ), but not in the leg disc or the part of the wing disc that gives rise to the dorsal thorax or notum (data not shown). In addition, Results ectopic eya alone can induce small patches of glass expression in the pouch area of the wing disc with 25% While dac and eya play important roles in early retinal development, the nature of the molecular and genetic penetrance (data not shown). In no case has ectopic Glass staining been observed in leg discs with either association between these genes, if any, was not known. dac or eya alone. However, when dac and eya are coex-( Figure 2O ). In each case, the sites of ectopic glass expression in discs correspond to the positions of ectopic pressed, ectopic Glass staining is induced with 100% penetrance along the ventral margin of the eye-antennal retinal development observed in adults. Taken together, these data demonstrate that dac and eya show strong disc ( Figure 2D ), the dorsal half of the leg disc along the anterior-posterior compartment (A/P) boundary (Figure genetic synergy to induce ectopic retinal development in Drosophila. 2K), and along the A/P boundary of the dorsal wing disc (A-D) Late larval eye-antennal discs were stained with an antibody to detect the visual system-specific Glass protein. No Glass staining is normally found in wild-type antennal discs (A). UAS-dac 7c4 alone (B) or UAS-eya alone (C) can induce small amounts of glass expression in the antennal disc (arrows). Coexpression of dac and eya induces ectopic Glass expression anterior to the normal retinal field on the ventral side of the eye disc (arrow in D). (E and F) Late larval eye-antennal discs were stained for the neuron-specific Elav protein in brown and the MF marker dpp-lacZ in blue. Compared to wild type (E), the combination of targeted dac and eya misexpression is sufficient to induce ectopic MF advancement from the ventral side of the eye and antennal discs and to cause substantial ectopic photoreceptor development (arrow in F). (G and H) The protein Neuroglian is present in all neurons and their axons and was detected using monoclonal antibody BP104 (Hortsch et al., 1990) . In the wild type, the only staining seen in the antennal disc is the larval Bolwig's nerve (G). dac and eya expressed together induce ectopic neurons in the eye and antennal disc that project axons that join those of the normal retinal field (arrow in H) and are likely to exit through the optic stalk (arrowhead in H) to synapse in the larval brain. (I and J) Late larval leg discs stained for Elav protein and dpplacZ expression. (I) Only a few neurons are normally observed in the wild-type leg disc and no extra neurons are observed with dac or eya alone (not shown). (J) Targeted expression of dac and eya together induces a large cluster of Elav-positive cells in the dorsal half of the leg disc along the A/P boundary. Glass (K) and Neuroglian (L) staining reveals that ectopic neurons induced in the leg disc by coexpression of dac and eya express Glass protein and extend axons as would be expected during normal photoreceptor development. (M) A wild-type wing disc stained for Elav protein and dpp expression. (N-P) Wing discs from late larvae expressing both dac and eya were stained for Elav and dpp-lacZ (N), Glass (O), and Neuroglian (P). Ectopic photoreceptor development is indicated (arrows in N-P). Posterior is to the left and dorsal is up for all discs. For panels (A)-(H), the eye disc is to the left and the antennal disc to the right.
Developmental Analysis of Ectopic
in response to dac and eya coexpression ( Figures 2F, 2J , and 2N). These ectopic neurons must be photoreceptor Photoreceptor Differentiation Synergistic induction of photoreceptor differentiation recells, since the visual system-specific Glass protein is also induced in the same pattern ( Figures 2D, 2K , and sulting from dac and eya coexpression can be seen in imaginal discs using a variety of neuronal markers. The 2O). Moreover, ectopic eyes observed in adults corresponding to these positions contain all of the normal nuclear protein Elav is expressed in all neurons of Drosophila (Robinow and White, 1991) . Ectopic Elav-posicell types associated with the wild-type eye, including pigment cells, lens-secreting cone cells, and interomtive cells are induced in the antennal, leg, and wing discs matidial bristles ( Figures 1D, 1H, and 1N ). In addition, the ectopic neurons induced by dac and eya misexpression send out axonal projections ( Figures 2H, 2L , and 2P). The axons of ectopic photoreceptors in the eye-antennal disc form a bundle that extends posteriorly into the eye imaginal disc. These axons appear to fuse with the axon tracts sent out by photoreceptors of the normal retinal field that exit through the optic stalk to synapse in the brain (arrowhead in Figure 2H ). It is likely, therefore, that the fly can perceive light through ectopic photoreceptors formed in the eye-antennal disc as a result of dac and eya coexpression. In the leg and wing discs, ectopic photoreceptor axons are likely to fail to find any functional targets and retract during late larval and pupal development ( Figures 2L and 2P ). Ectopic neuronal marker induction is not observed in response to dac or eya alone in the eye, leg, or part of the dorsal wing disc fated to give rise to the notum (data not shown). These data demonstrate that dac and eya act synergistically to induce cells to follow the normal retinal developmental pathway and to elaborate all of the normal cell types found in the wild-type eye.
During normal retinal development, movement of the (Treisman and Rubin, 1995) . In addition, dpp is normally contains a highly conserved domain present in all three vertebrate expressed in a wedge in the ventral half of the antennal eya homologs (ED2). All combinations of bait and prey constructs were transformed into yeast and then tested for activation of a lacZ disc ( Figure 2E ), along the A/P boundary in the dorsal reporter construct (lower panel). Ϫ, no lacZ activity; ϩ, strong lacZ half of the leg disc ( Figure 2I ), and along the entire A/P activity; ϩ/Ϫ, weak lacZ activity.
boundary of the wing disc ( Figure 2M ). We found that coexpression of dac and eya induces ectopic dpp expression in the eye-antennal disc adjacent to the field two-hybrid system and in vitro binding studies (Fields of ectopic photoreceptors (arrow in Figure 2F ). In the and Song, 1989; Harper et al., 1993) . First, we fused fullleg disc, dpp expression is split by and forms a ring length and truncated portions of the Dac protein to the around the ectopic photoreceptors, again suggesting DNA-binding domain of the yeast transcription factor that an ectopic MF is initiated and propagates ( Figure  GAL4 to make "bait" constructs and full-length and trun-2J). Although no obvious MF movement is observed in cated portions of the Eya protein to the GAL4 transcripthe wing disc, the level of dpp expression is significantly tional activation domain to make "prey" constructs (Figincreased adjacent to the ectopic photoreceptor field ure 3). These constructs were transformed into yeast (compare arrows in Figures 2M and 2N ). These results that contain a transgene with GAL4 binding sites upindicate that ectopic expression of dac and eya may stream of the lacZ gene. We found that full-length Dac be sufficient to initiate MF movement along the ventral is sufficient to induce weak lacZ expression in the abmargin of the anterior eye-antennal disc, in the leg disc, sence of a prey construct (Dac-F bait with no prey, lower and perhaps in the wing disc as well. panel, Figure 3 ). This result demonstrates that some portion of the Dac protein is able to act as a transcriptional activation domain in this assay. We have mapped Dac and Eya Proteins Physically Interact dac and eya both encode nuclear proteins that are exthe position of this activation domain to an amino-terminal portion of Dac by comparing the constructs Dac-N pressed in similar temporal and spatial patterns in the eye imaginal disc, are required for MF initiation, and, and Dac-NL. Specifically, the amino-terminal 165 amino acid (aa) stretch of Dac, which contains a polyglutaminemost importantly, show strong genetic synergy in our ectopic eye induction assay. These results lead us to rich region, does not activate transcription (Dac-N bait with no prey, Figure 3 ). In contrast, a construct that hypothesize that the molecular basis for the genetic synergy observed may be a physical interaction between contains the first 392 aa of Dac is able to activate transcription even in the absence of a prey construct (Dacthe Dac and Eya proteins. We used two independent methods to test and confirm this hypothesis: the yeast NL bait and no prey, Figure 3 ). Thus, it is likely that an S-labeled Dac binds to GST::Eya, but not to GST alone or GST::Dac (lanes 1-3) .
35 S-labeled Eya binds to GST::Dac, but not to GST alone or GST:: Eya  (lanes 4-6) . The in vitro-translation products (lanes 7 and 8) and the GST fusions (lanes 9-11) before binding reactions are shown. MW indicates molecular weight standard in kilodaltons. Markers for lanes 1-8 are shown to the left and for lanes 9-11 to the right. activation domain at least partially resides within amino dac and eya are acting in the same pathway, we expected that loss-of-function mutations in these genes acids 165-392 of the Drosophila Dac protein.
We also tested a fourth bait construct in this assay would show dominant modification of the recessive eye phenotype of the other. Surprisingly, we have failed to that contains a domain that is highly conserved in both mouse and human dac homologs (G. M., unpublished observe any such interaction (data not shown). We were able to determine the regulatory relationship between data). When fused to the DNA-binding portion of GAL4, this domain is incapable of activating transcription alone dac and eya by analyzing the expression of each gene in wild-type and mutant backgrounds. We found that (Dac-C bait and no prey, Figure 3) . However, when coexpressed with prey constructs containing either fullwhile eya expression in the eye disc does not depend on dac function, dac expression is greatly reduced in length or C-terminal portions of the Eya protein, strong activation of lacZ expression is observed (Dac-C bait an eya 2 mutant background, demonstrating that dac expression requires eya activity (Figures 5A-5D) . Similarly, and either Eya-C or Eya-F prey, Figure 3 ). Although the full-length Dac protein activates weakly on its own, a ey induction of ectopic dac expression is greatly reduced in an eya 2 mutant background (Figures 5G and much stronger activation of lacZ is observed when coexpressed with the same Eya constructs (Dac-F bait and 5H). These results suggest that dac may function downstream of eya. Consistent with this interpretation, eya either Eya-C or Eya-F prey, Figure 3 ). The C-terminal portion of Eya (Eya-C) interacts with Dac while the is unable to induce ectopic eye formation in a dac mutant background (data not shown). amino-terminal portion does not (Eya-N), suggesting that the C-terminal conserved domain of the Eya protein Since dac expression is induced by both ey and eya, we explored the genetic and regulatory relationships (ED2) is contacting a portion of the Dac protein that is also conserved (Xu et al., 1997; Zimmerman et al., 1997) . among these genes. First, we found that ey misexpression is sufficient to induce eya ( Figure 5E ), suggesting We confirmed the physical interaction between Dac and Eya using in vitro biochemistry. GST (glutathione that eya may be required for ey function. Indeed, ectopic retinal development driven by targeted ey expression s-transferase) fusions of the conserved portions of Dac and Eya were used to bind in vitro-translated, 35 S-labeled fails to occur in an eya 2 mutant background (data not shown). We also found that induction of eya expression Dac and Eya full-length proteins (Figure 4 ). GST::Eya was immobilized on glutathione-agarose beads and by ey does not depend on dac activity ( Figure 5F ), consistent with the idea that eya functions downstream of then incubated with in vitro-translated, 35 S-labeled Dac protein. After extensive washing to remove nonspecifiey but upstream of dac. However, these genes do not act in a simple, linear pathway; targeted expression of cally adhered proteins, bound proteins were eluted, separated by SDS-PAGE, and visualized by autoradiogradac and eya strongly induce the expression of each other ( Figure 5I -5K), and eya is required for ectopic eye phy. While no 35 S-Dac bound to the control GST resin, it bound to the immobilized GST::Eya fusion protein (left induction by dac (data not shown). In addition, misexpression of dac or eya is also sufficient to induce ectopic panel, Figure 4) . Similarly, 35 S-Eya can bind to immobilized GST::Dac, but it cannot be bound by GST alone.
ey expression in the antennal disc (Shen and Mardon, 1997 ; data not shown). These results suggest that multiThe same portions of Dac or Eya do not form homodimers in this assay (Figure 4) . ple positive-feedback loops exist among these genes during normal eye development and raised the possibility that ey may be required for ectopic retinal induction Transcriptional Regulation of dac and eya Since dac and eya are each able to induce ectopic eye by eya and dac. Indeed, ectopic eye formation driven by coexpression of dac and eya is completely blocked development and act synergistically in this process, we investigated the regulatory relationships between these in an ey 2 mutant background, indicating that induction of ey is essential (data not shown). Finally, these regulatory two genes and with ey. Determining the order of dac and eya function using traditional genetic epistasis analevents must occur at the level of transcription because ey, dac, and eya all induce expression of lacZ reporter ysis is not possible because loss-of-function mutations in each gene cause an eyeless phenotype. However, if constructs specific for each gene (data not shown). (A and B) dac is not required for eya expression. Wild-type (A) and dac 3 null mutant (B) eye discs were stained with an antibody that specifically detects the Eya protein (Bonini et al., 1993) . (C and D) dac expression is greatly reduced in eya 2 mutant eye discs. Wild-type (C) and eya 2 mutant (D) eye discs were stained with an antibody that specifically detects the Dac protein (Mardon et al., 1994) . (E and F) dac is not required for eyeless to induce eya expression. Wing discs were dissected from late larvae carrying a UAS-eyeless transgene driven by dpp-GAL4 in a wild-type (E) or in a dac 3 null mutant background (F) and stained for eya expression. Eya protein is induced by eyeless misexpression even in the absence of dac function (arrows in E and F). (G and H) Ectopic dac expression induced by UAS-eyeless is greatly reduced in an eya mutant background. Wing discs were prepared from UAS-eyeless, dpp-GAL4 larvae in either a wild-type (G) or eya 2 mutant background (H). Dac protein induction by eyeless shows a strong requirement for eya function (arrows in G and H). (I-K) Misexpression of dac or eya can turn on the expression of each other. eya expression is induced in the ventral portion of the antennal disc in response to ectopic dac expression (arrow in I). Similarly, dac is induced by targeted eya expression (arrows) in the antennal disc (J) and the wing disc (K).
Discussion
dac and ey can positively regulate the expression of each other (Shen and Mardon, 1997) . In particular, these results indicate that eye development may be controlled Research concerning the genetic control of eye development in both vertebrates and invertebrates was greatly in a combinatorial manner, with multiple genes functioning together at the highest regulatory levels. stimulated by the remarkable discovery that a single gene, eyeless (ey), was both necessary and sufficient We sought to distinguish these models by determining the genetic and regulatory relationships among dac, ey, for eye development in Drosophila (Quiring et al., 1994; Halder et al., 1995) . Intriguingly, vertebrate homologs of and two other genes required for early steps of eye development in Drosophila, eya and so (Bonini et al., ey, members of the Pax6 gene family, are also required for normal eye development (Hill et al., 1991; Ton et al., 1993; Cheyette et al., 1994) . In this paper we have focused our studies on dac and eya, while Zipursky and 1991; Glaser et al., 1992) . Moreover, Pax6 from a wide range of species is sufficient to induce ectopic eye forcolleagues have analyzed so and eya function in an accompanying paper . The results mation in Drosophila, indicating that at least some of the crucial targets of ey function have been conserved reported in these papers clearly establish that retinal development in Drosophila is controlled by an inter- (Halder et al., 1995; Glardon et al., 1997; Tomarev et al., 1997) . These results lead to the hypothesis that ey is active network of genes rather than a linear hierarchy. Moreover, we show that this network functions both at the master control gene for eye morphogenesis, sitting alone at the top of the regulatory hierarchy of genes the level of gene expression and through protein-protein interactions. Finally, we propose that this combinatorial controlling this process (Halder et al., 1995) . However, an alternate view of retinal development is suggested network of gene action results in the cooperative regulation of eye-specification genes and serves to lock in a by the report that the dac gene is also sufficient to induce ectopic eye formation in Drosophila, and that retinal cell fate program once initiated.
Synergistic Induction of Ectopic Eye Development
Targeted expression studies were employed to examine the function of ey, dac, eya, and so, using ectopic eye induction as an assay. One of the most striking results of this work is that three of these four genes (ey, dac, and eya) are each sufficient to induce ectopic retinal development, suggesting that no single gene is the master regulator of this process (Figure 1 ; Halder et al., 1995; Shen and Mardon, 1997) . Moreover, strong synergistic induction of ectopic retinal development is observed when dac and eya are coexpressed. The molecular basis of the genetic synergy observed between dac and eya is likely to be the physical interaction between the protein products encoded by these two genes. We found that Dac interacts specifically with Eya in two independent assays and that this interaction occurs through domains that are highly conserved in humans and mice. Since dac and eya encode novel proteins, the biochemical consequence of this interaction is not known. However, Dac and Eya are nuclear proteins that can activate the transcription of each other. In addition, these genes are each sufficient to initiate and Eya is that the physical association between these development by Eya and Dac.
proteins facilitates their recruitment to the transcription complex and results in cooperative activation of downstream genes (see , for a detailed Shen and Mardon, 1997) . However, several lines of evidescription of this model).
dence suggest that these genes function in an interactive network. First, targeted expression of ey, dac, or eya is sufficient to induce the expression of each other, A Network of Genes Controls Retinal Cell suggesting that multiple regulatory feedback loops conFate Specification trol the expression of these three genes. Second, dac Based on our analysis of the regulatory and functional and eya act synergistically to induce ectopic retinal derelationships among dac, eya, ey, and so, we propose velopment. Third, studies in vitro and in yeast indicate that all four genes act together as a regulatory network that the Dac and Eya proteins physically interact. Simito control retinal cell fate specification. We have charlarly, ectopic eye formation is also synergistically induced acterized these genes at three levels of analysis: tranby so and eya, and their protein products physically scriptional, genetic, and protein interaction. Loss-and associate . Finally, ectopic eye ingain-of-function experiments suggest that initiation of duction by each of these molecules, expressed either expression of ey, dac, eya, and so is controlled by a individually or in pairs, is prevented in the absence of primarily linear pathway ( Figure 6A ). For example, ey any member of this group. Taken together, these data expression does not require dac, eya, or so function, suggest that these proteins function together in one or and dac is not required for expression of eya or so, but more complexes to regulate each other cooperatively dac expression does require both so and eya (R. C. and G. M., unpublished data; this paper; Halder et al., 1995;  as well as other presumed downstream targets required for normal eye morphogenesis. Cooperative and posirole during human retinal development. Synergistic regulation mediated by protein-protein interactions is likely tive cross-regulation of genes required for eye specification may serve to lock in or firmly maintain the retinal to be a common mechanism to specify cell fates throughout development. cell fate program once it has been initiated.
Experimental Procedures dac Confers Specificity during MF Initiation Drosophila Genetics
During normal eye development, eya and so are both All Drosophila crosses were carried out at 25ЊC on standard media. required for MF initiation and progression and photoredac null mutant experiments were carried out using dac 3 and dac 4 ceptor differentiation. Since Eya and So act synergistimutant alleles (Mardon et al., 1994 (Bonini et al., 1993; Quiring et al., 1994) . Previously published experiments with ectopic development ( Figure 6B ; . In condac expression (Shen and Mardon, 1997) were carried out with a trast, dac is essential for only a subset of these steps.
different transgene (UAS-dac 21M5 ) from that used in the present study Thus, interactions between Dac and Eya may provide (UAS-dac 7c4 ). Both transgenes were constructed and isolated as specificity to an Eya-So complex during MF initiation previously described but differ in their sites of insertion in the ge-( Figure 6B ). We propose that during normal retinal denome (Shen and Mardon, 1997 (1993) . The retinoblastoma protein culture was pelleted (4000 ϫ g, 10 min, 4ЊC) and resuspended in 20 associates with the protein phosphatase type 1 catalytic subunit. ml of lysis buffer (PBS, 50 mM NaCl, 5 mM EDTA, 5 mM DTT, 1%
Genes Dev. 7, 555-569. Triton X-100, 1 mM PMSF, 5 g/ml aprotinin, 5 g/ml leupeptin) and Fields, S., and Song, O. (1989) . A novel genetic system to detect sonicated for 1 min at 4ЊC. Lysates were pelleted again (10,000 ϫ protein-protein interactions. Nature 340, 245-246. g, 15 min, 4ЊC), and the supernatant was incubated (15 min, RT) Freund, C., Horsford, D.J., and McInnes, R.R. (1996) . Transcription with 200 l of 50% glutathione resin (Pharmacia) per liter of original factor genes and the developing eye-a genetic perspective [Rebacterial culture. Glutathione resin with bound GST proteins was view]. Hum. Mol. Genet. 5, 1471-1488. pelleted (500 ϫ g, 3 min, 4ЊC) and washed three times with 10 ml Glardon, S., Callaerts, P., Halder, G., and Gehring, W.J. (1997). Conof lysis buffer and resuspended in 100 l of binding buffer (20 mM servation of Pax6 in a lower chordate, the ascidian phallusia mam-HEPES-KOH [pH 7.7], 150 mM NaCl, 0.1% NP-40, 10% glycerol, 1 millata. Development 124, 817-825. mM PMSF, 2 g/ml aprotinin, 2 g/ml leupeptin).
35 S-labeled Dac Glaser, T., Walton, D.S., and Maas, R.L. (1992). Genomic structure, and Eya proteins were synthesized using a coupled in vitro transcripevolutionary conservation and aniridia mutations in the human Pax6 tion and translation kit (Promega) using dac or eya cDNAs as DNA gene. Nat. Genet. 2, 232-239. templates (Bonini et al., 1993; Mardon et al., 1994) . Translation prodHalder, G., Callaerts, P., and Gehring, W.J. (1995) . Induction of ecucts were separated from unincorporated label by passage over a topic eyes by targeted expression of the eyeless gene in Drosophila. 1 ml Sephadex G-25 column (Sigma). Labeled Dac and Eya proteins Science 267, 1788-1792. were incubated in 0.4 ml binding buffer with 10 l of glutathione resin containing 10 g of bound GST, GST::Dac, or GST::Eya for 2
Harper, J.W., Adami, G.R., Wei, N., Keyomarsi, K., and Elledge, S.J. hr at 4ЊC. The resin was washed three times with 1 ml of binding (1993) . The p21 Cdk-interacting protein Cip1 is a potent inhibitor of G1 cyclin-dependent kinases. Cell 75, 805-816. buffer, and labeled proteins were eluted by boiling for 3 min in 25 l of loading buffer, fractionated by SDS-PAGE, and visualized by Heberlein, U., and Moses, K. (1995) . Mechanisms of Drosophila retiautoradiography (20-40 hr). About 4% of the labeled, full-length nal morphogenesis: the virtues of being progressive. Cell 81, proteins were recovered. 987-990.
Heberlein, U., Wolff, T., and Rubin, G.M. (1993) . The TGF beta homo
